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ABSTRACT

The objective of this program was to perform the research

necessary to design, develop, test and evaluate an on-line cav-

itating emulsification system to determine the fuel saving and

emission control potential for U. S. Navy vessels. The advan-

tages of a cavitating emulsifier were the reduction of the en-

ergy required to produce the emulsion, the reduction of the

size and weight of the equipment, and on-line production capa-

bility. In addition, cavitating emulsification technology could

be applied to more than one type of combustion system.

The following engineering parameters were evaluated in an

effort to design an on-line energy saving emulsion from a cav-

itation (ENERSECTM ) technology system: 1) optimum operating

pressure to produce the emulsion; 2) emulsification stability

for various grades of fuel oil from Number Two through Number

Six; 3) the variation in fuel flow from one piece of equipment

to another; 4) optimum water injection method; and 5) the per-

formance advantages of emulsified fuel combustion. The use of

ENERSEC technology made possible the production of emulsified

fuels without the aid of surfactants.

A basic systemdesign concept was developed and the equip-

ment was tested on three different pieces of combustion equip-

ment. The tests were conducted to confirm previous experiments

of the combustion of water-in-Number Two fuel oil emulsions

_919
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in a diesel engine. Previous experiments had indicated that

three to six percent fuel consumption reduction was achiev-

able. This data was confirmed and improved upon.

Additional tests were conducted with water-in-Number Six

fuel oil and water-in-Number Four fuel oil. The Number Six

fuel oil emulsifier 'has been operated and evaluated on a

100,000 pounds of steam per hour marine boiler and a 100,000

pounds of steam per hour industrial boiler. Both of these

test units indicated approximately three percent fuel savings,

and in addition, cleaner boiler operation and reduced mainte-

nance costs were demonstrated. The total savings indicated

from these tests were illustrated by an overall operational

efficiency improvement of seven percent.

The Number Four fuel oil emulsifier has been laboratory

tested. The unit provides emulsions with an approximate two

hour stability. The unit has been installed on a boiler of

an approximate 50,000 pounds of steam per hour rating. This

testing has not been completed at this time.

All of the test combustion systems were fueled by an on-

line emulsification system which produces only the amount of

emulsion required by the combustion device. The on-line cav-

itating emulsifier has shown potential for significant reduc-

tions in fuel consumption while being able to produce emul-

sions efficiently at existing system fuel line pressures. This

document addresses all of the development and testing com-

pleted to date. 4
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RESEARCH AND DEVELOPMENT OF AN ON-LINE
CAVITATING EMULSIFIER FOR THE REDUCTION

OF SPECIFIC FUEL CONSUMPTION AND
EMISSION PRODUCTS IN U. S. NAVY VESSELS

1.0 INTRODUCTION

The continuing increases in the price of foreign oil to-

gether with presidential orders to reduce oil consumption has

prompted research in methods of reducing fuel consumption in

existing fleet combustion devices. The U. S. Navy, as a vital

link in our national security forces, must remain operational-

ly ready while developing conservation methods or equipment

and conversion to alternative fuels.

Although emulsification technology has been available for

many years, the advantages of an immediate method of fuel con-

servation have generated new interest in this technology. The

specific technology of energy saving emulsions from cavitation

(ENERSECTM ) offers specific advantages of interest to ship-

board operation. These advantages include the ability to gen-

erate within the limited space allocation of shipboard opera-

tion, the ability to produce emulsified fuel simply without

the necessity for additional additives, the ability to oper-

ate and emulsify at normal fuel line operating pressure and

the ability to be rapidly installed in an existing fuel lineK causing minimal downtime. In addition ENERSEC technology pro-

K vides a method of producing only the amount of emulsion re-

quired by the combustion device.
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9I
Based upon these operational advantages and the background

investigation in emulsions produced by cavitation DAEDALEAN

ASSOCIATES, Inc. (DAI) initiated this research program the re-

suits of which this report addresses. Under the sponsorship

of the Office of Naval Research, this program was aimed at the

research required to design, develop, test and evaluate an on-

line prototype cavitating emulsifier.

The laboratory research established the ability of the

ENERSEC technology to produce stable emulsions with Number Two,

Number Four and Number Six fuel oil. The water droplets in

these emulsions were approximately three to eight microns (p)

with maximum droplet size of ten microns. This was adequate,

as was the emulsification coefficient which indicates the de-

gree of stability, for the on-line type application. The ac-

tual demulsification time varied with the grade of oil tested.

The Number Two fuel oil emulsifier was used to supply

fuel to the laboratory combustion apparatus and was used to

confirm previously attained diesel engine performance infor-

mation. The Number Six fuel oil emulsifiers were tested on two

different types of boiler operations in order to evaluate fuel

flow demand differences and modification requirements with re-

spect to unit sizing. The Number Four fuel oil emulsifier was

designed for a fixed flow boiler of much smaller system than

the Number Six units and this system is under evaluation at

this time.

- -
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To date, testing on the laboratory system has been com-

pleted as has the design of the Number Six emulsifier. Tests

are not yet completed on the Number Four emulsifier but enough

information has been obtained to confirm the design modifica-

tions being evaluated. This report addresses the accomplish-

ments of this research effort, states the conclusions which

can be drawn from the data, discusses the equipment designed

to confirm the advantages of ENERSEC technology and states

the recommendations for additional testing which are a result

of the tests conducted.

I: I
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2.0 BACKGROUND

The engineering staff at DAI has been involved in research

work in the field of water-in-oil emulsification for the past

five years. Initial research efforts concentrated on the study

of emulsion stability of Number Two fuel oil and water. These

tests had as their objective the demonstration of feasibility

of producing stable water-in-oil emulsions and the demonstra-

tion that these emulsions could be burned as a diesel fuel sub-

stitute.

In order to evaluate the stability of an emulsion two fac-

tors must be considered. The first was the degree of emulsifi-

cation with respect to time. The second was the percentage of

water initially used to produce the emulsion. In order to de-

fine the degree of emulsification, the emulsification coeffi-

cient was defined. This nondimensional coefficient was defined

by the equation:

V -V

e Vt

where:

Ke = the coefficient of emulsification (emulsibility)

V = volume of emulsione

Vw = volumeof water separated from the emulsion after

a specified time, and

Vt = the total volume of fluids used to produce the

emulsion
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Because stability was dependent upon the percentage of

water in the emulsion, the worst case situation was selected

for this evaluation. The stability tests were conducted with

a fifty percent water-in-fifty percent diesel fuel emulsion.

The initial cavitation emulsification apparatus used in these

studies is illustrated in Figure 1. The data output from the

metering equipment was used to determine the volume of water

and volume of oil. The total volume was obtained by the sum-

mation of these values. The effluent from the emulsifier was

collected and analyzed. The volume of separated water was

measured at time t=o and at other specified times.

Because cavitation production was being evaluated a co-

efficient was defined which would identify the cavitation con-

ditionunder which the emulsion was prepared. These tests were

conducted with several cavitation nozzle orifice variations

and for several cavitation parameters. The cavitation param-

eter, a, was defined as follows:

P -p

p Vo2

where:

P0 = emulsification pressure

Pv = vapor pressure of diesel fuel

p = density of emulsion, and

V0 = velocity at the emulsification orifice

..................
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Figures 2 and 3 illustrate the data obtained in two of the

test conditions evaluated in this early research. These fig-

ures illustrate the relationship of coefficient of emulsifi-

cation to demulsification time for various cavitation param-

eters.

These successes served as motivation for work to deter-

mine the optimum emulsification conditions with respect to

diesel engine operation and fuel consumption reduction. Two

sets of tests were conducted. The first test was conducted in

conjunction with another organization using their test facil-

ity. In terms of indicated specific fuel consumption and in-

dicated mean effective pressure, Figure 4 illustrates the fuel

savings obtained for one of the conditions tested. As these

engine tests were conducted the exhaust gases from the diesel

engine were analyzed. Figure 5 illustrates the change in NOx

emissions for the same test condition. Figure 6 illustrates

the change in Bosch Smoke Number. The Bosch smoke test is a

measure of the particulates in the exhaust effluent. This

data indicated that as well as reducing fuel usage, emulsifi-

cation has a beneficial effect upon exhaust emissions.

The second performance tests were conducted as our test

facility developed to the combustion evaluation stage. These

tests were performed with a two cylinder, twelve horsepower

diesel engine. The measurements were recorded in terms of

shaft load and brake horsepower rather than indicated values.

MR" W.1!"
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The tests were conducted at a slightly lower percentage of

water. The results indicated a slightly higher fuel consump-

tion reduction. Figure 7 illustrates the fuel consumption data

for these tests at comparable engine operating conditions.

The accomplishments of these tests coupled with the con-

tinued increases inforeign oil prices served as motivation for

the present research efforts. Another factor which prompted

the Navy interest was the fact that cavitation emulsifica-

tion did not require the addition of costly surface tensioning

agents (surfactants). Surfactants were considered in emulsi-

fication because they tend to prolong the period of emulsion

stability. Long stability would be a consideration if stor-

age of the emulsified fuel were anticipated. However the sur-

factants tend to be detrimental in two ways when on-line emul-

sificationis the objective. The cost of the surfactant greatly

increased the emulsion production expense. In addition the uni-

versity research community involved in emulsions research has

shown the surfactants tend to eliminate the combustion change

which is the theorized advantage of emulsion combustion.

The theoretical advantage in emulsion combustion was first

proposed by the Russians (l)*. It stated that as the combustion

occurred, the water vaporized rapidly forming microexplosions

which break the oil into finer droplets allowing more complete

* Numbers in parentheses refer to references at the end of this
report.
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combustion to occur. This theory and the mechanisms associated

with it are being evaluated and researched by the university

community here in the United States. This research has photo-

graphed a single oil droplet in combustion. Then the procedure

was repeated with a ten percent emulsion prepared with surfac-

tants and with a ten percent emulsion prepared without surfac-

tants (2). The results indicated that the presence of the sur-

factant negated the microexplosions. Photographic evidence of

these results taken from the referenced article are shown in

Figure 8. This data reinforced the working premise that cavi-

tation produced emulsions were better aad less costly than

emulsions which included surfactants. Moreover, the above men-

tioned accomplishments led to the program this report addresses

on the design, development, test and evaluation of an on-line

ENERSEC technology emulsifier.

,.- .... . . . . . . . .
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3.0 DISCUSSION OF EQUIPMENT AND PROCEDURES

3.1 Diesel Engine Equipment

The first task completed under this research program was

the update and extension of the laboratory diesel engine test

facility. A larger diesel engine was incorporated as well as

exhaust gas analysis apparatus so that, as an emulsification

system was developed, it could be fully evaluated. The test

cell was arranged to include the diesel engine, dynamometer,

and a variable drive system. Figure 9 is a photographic over-

view of the test cell. Figure 10 is a close-up view of the

engine bay showing the orientation of the diesel engine, the

dynamometer and the varidrive unit.

The diesel engine selected and installed in the test cell

was a two cylinder 25 horsepower engine. The engine was air

cooled and high speed rated for maximum 2,000 rpm. The engine

was of the compression ignition type diesel engine. Of spe-

cific interest to this research program was the fuel flow and

supply because the engine provided was atypical of fuel sys-

tems incorporated on much larger diesel engines. Because the

emulsification device was tobe installed for on-line emulsion

production, a complete understanding of the fuel system func-

tions was a critical design factor. Figure 11 is the sche-

matic diagram of the fuel flow for the diesel engine as it

would normally operate.
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The dynamometer used in the test cell was an eddy current

dynamometer. As the current to the system was varied the load

on the dynamometer was increased or decreased. These changes

placed a load upon the diesel engine and the operational per-

formance was measured with respect to these load changes. The

dynamometer was used in connection with the varidrive as a con-

trol device. The varidrive was installed in order to perform

the motoring tests with the engine. These tests were conducted

at the same dynamometer load conditions but with the engine and

fuel supply turned off. These tests measured the frictional

forces required to drive the engine at the specified load con-

d'tion.

In order to monitor the data generated as the engine tests

were conducted, a data acquisition center was established. Fig-

ure 12 illustrates that area of the test cell. Within the data

center were incorporated the amplifier/readout package, the dyn-

amometer control, the clutch control switches, the exhaust gas

analysis equipment, cell temperature gauges, wet bulb barometer

for measurement of atmospheric pressure, controls for the cell,

exhaust fan and controls for the varidrive system. The readout

panel was used to monitor engine rpm, dynamometer load, brake

horsepower and engine exhaust gas temperature. The exhaust gas

analysis system was used to measure levels of oxygen, carbon

monoxide, and carbon dioxide.

., -
, .- -* ;* j ,. 4I .
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3.2 Diesel Engine Emulsification System

The diesel fuel emulsification system consisted of a pump/

motor combination, an orifice assembly, flow control valves,

flowmeters, tubing and fittings. The pump was a small gear

pump rated for three gpm and a maximum pressure of 2,000 psi.

The oil and water are pumped to pressure and that pressure was

dropped across the orifice as the emulsion was produced.

Two design limitations had to be considered in the design

of the diesel fuel emulsification system. The first limitation

was the short stability of the emulsion. The production point

had to be placed as close as possible to the fuel pump of the

engine. The second limitation was a result of the fuel system

of an atypical diesel engine. As was illustrated previously

in Figure 11, the fuel system hada return line associated with

both the fuel filter and the fuel injector manifold. Both of

these components of the fuel system take in more fuel than the

engine uses and the excess is discharged back to the fuel tank.

The transfer of fuel back to the fuel tank could not be per-

mitted with short stability emulsions or water would begin to

separate in the storage tank.

Two methods were used at different times in the course

of the diesel fuel tests to solve this problem. The first was

the addition of a system which removed the water from the oil

as it was returned to the fuel tank. This system was incor-

porated in the return line and as the oil was returned, the

- j .
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water was removed. The water-free oil was returned to'storage

and the water was pumped to waste. This system is illustrated

in the flow schematic for the complete test area as shown in

Figure 13. The dewatering solution proved inadequate and was

eliminated. The discussion of this design change is included

in the "Results" section of this report.

The second method used to solve the return flow problem

was to recycle the fuel back into the fuel pump inlet. This

modification reduced the requirement for peripheral equipment

and simplified the overall operation of the diesel engine test

bed. The only change in procedure which resulted was a need

to run the engine on straight fuel at the end of each day in

order to protect the injectors from water which might have sep-

arated out of the oil overnight. Figure 14 illustrates the

changes in the overall operation which were the result of this

design modification.

3.3 Diesel Engine Test Procedure

Prior to the engine test procedure initiation, the engine

was operated in accordance with the manufacturer's operating

manual. The manual recommended a period of 50 hours operation

at approximately 1/3 rated load as break-in for the engine.

This break-in period was observed and upon completion the en-

gine was serviced. The service consisted of changing all fil-

ters, changing oil, checking timing and inspection of injector

nozzles.

-~~~ ~ --- -- - - ~ - .- -- - - i..
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The engine tests were conducted with the engine operating

at the factory set timing condition. No modifications were

made to any of the normal engine functions other than fuel sup-

ply. The factory recommended operating conditions were used in

order to eliminate additional variables from the evaluation.

Basically, the diesel engine evaluation tests were con-

ducted in two steps. The first step sequence was used to eval-

uate the basic operationof the engine at a specified operating

condition with regular diesel fuel. The engine was inspected

to ensure proper lubrication oil levels and then was started.

Just prior to each test run the exhaust fan was started in or-

der to keep adequate air circulation in the cell. Being an

air cooled engine, the cell required continuous air exchange.

The exhaust fan exchanged the air at the rate of approximately

2600 standard cubic feet per minute. At this rate a complete

air exchange was completed in the cell approximately every 15

seconds.

Once the engine was started, it was operated at no-load

for a period in order to allow the engine to reach operating

temperature. At that time a specified engine RPM and shaft

load were applied. With these conditions established, the run

data was gathered. For each test condition the brake horse-

power, exhaust gas temperature, shaft loading, engine RPM and

fuel consumption were recorded. The engine conditions were

I'
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changed and the procedure repeated until all the required data

was assembled.

When the data for the basic fuel operation was complete,

the entire test sequence was repeated with the engine opera-

ting on the emulsified fuel to be evaluated. In the emulsi-

fied fuel test sequence the same data was recorded so that di-

rect performance comparisons could be made. In addition to

the previously discussed data, nozzle orifice parameters, the

pressure drop across the orifice and the percentage of water

were also recorded. This data was used to define the emulsion

produced and the cavitation condition at which production oc-

curred.

The data which resulted from the two test sequences was

analyzed and comparative data summarized. This data will be

discussed in detail in the "Results" section of this report.

3.4 Number Six Fuel Oil Test Equipment

Realizing that the Navy spends as much money on facility

boiler operation as on fleet operations, testing and design

efforts were initiatedto develop an emulsification systemfor

Number Six fuel oil and water. To accomplish this design ef-

fort, laboratory apparatus which simulated the boiler fuel

feed system was used. This loop system consisted of an oil

supply tank, fueloil heater units, an oil transfer pump, flow

control valves, flow monitoring equipment, temperature gauges,

* pressure gauges, safety systems and flanged connections for

,M. -• . .... .... T -- .- . k -
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the emulsifier. Figure 15 illustrates the fuel supply system

simulation loop used in the Number Six emulsifier design ef-

forts. This loop was constructed of two inch diameter Sched-

ule 80 pipe in order tohandle the operating pressure and tem-

perature.

The transfer pump in the loop was a positive displacement

heavy duty screw pump. The pump was rated for maximum pres-

suresof 500 psi. The pump was drivenby a 20 horsepower elec-

tric motor. This combination produced a maximum flow rate of

65 gpm which simulated boiler systems rated up to approximate-

ly 200,000 pounds of steam per hour.

The storage capacity of the system was 500 gallons. In

addition to the storage tank another 500 gallon tank was in-

cluded for waste emulsion disposal. Both of these tanks were

insulated and heated. The heaters were used to raise the oil

to test temperature. The maximum temperature obtained was

150'F. Because of the dangers of working with hot oil, safety

systems were part of the loop. A pressure relief valve was in-

stalled so that, if the pressure reachedrelief level, theoil

would be dumped automatically into the waste tank. For most

operations this valve was set to relieve at 400 psi.

A control panelwas assembled in the loop which contained

oil flowmeter readout, water flowmeter readout, oil pressure

gauge, oil temperature gauge, water pressure gauge and the

pump control switch. In addition to the meters and gauges,

-I ......................
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the panel also contained two shut-off valves which were used

to protect the gauges when not in use. The panel was located

next to the main flow control valves for easy operator access

and visibility. Another feature of the loop was the sampling

valve which was located just to the left of the control panel.

This valve was used when an emulsifier was being tested to

draw off samples of the emulsions which could be analyzed.

3.5 Number Six Fuel Oil ENERSEC Systems

There were essentially two design concepts assembled and

evaluated in this activity. The first system concept was to

produce a fixed emulsion percentage at a fixed flow rate. This

concept would be applicable if the system was to be designed

specifically for each application. The second concept was to

produce a universal design which, with minor modification,

would produce emulsions of varying water percentage and vari-

able fuel flow rates. This concept would be adaptable to any

application without the necessity of complete redesign. The

discussions in the next two subsections elaborate on these de-

signs and describe the systems produced.

3.5.1 Fixed Flow System Design

This unit design was the initial attempt to scale up the

laboratory system to meet a specific need. As a result of the

application consideration was not given to the universal na-

ture of the system. The system was to produce emulsified fuel

at afixed rate of 30 gpm. The system would take incoming oil,
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add a fixed percentage of water, pass the mixture through a

cavitation orifice, pump the emulsion back to line pressure

and return the emulsion to the supply line for use in the boil-

ers. Working with a commercial steamship company, the unit

was to provide emulsions for two marine boilers generating at

cruise condition.

To accommodate the flow rate requirement of the two boil-

ers, the system was constructed of welded joint pipe and fit-

tings of the tube steel rated for the temperature and pressure

in excess of operating conditions. The only nonwelded fittings

were those where the unit would be flanged into the boiler oil

supply line and the flanged section where the cavitating ori-

fice was installed. All of the piping used was two inch diam-

eter. A motor-pump combination was selected which would pro-

vide the flow rate and pressure the system would require. In

addition, the pump was positive displacement screw-type which

was rated to generate at pressures in excess of the supply line

pressures and was capable of continuous duty in oil tempera-

tures up to 200'F. The motor which powered this unit was a

totally enclosed fan cooled motor ratedat 25 horsepower. This

type of motor was selected for safety of operation in a boiler

room environment. The potential hazard of fire was one of the

primary considerations of this design and a totally enclosed

motor eliminated the potential of ignition as a result of ex-

posed motor coils. Figure 16 illustrates the unit as it was
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assembled for installation in the test situation for which it

was designed. Both of these systems and the variable flow sys-

tem discussed in the next section have been reviewed by the

U. S. Coast Guardand approved for maritime applications. This

approvalwas given after an examination of the design, inspec-

tionof the equipment safety devices and inspection andcerti-

fication of the welded connections.

3.5.2 Variable Flow System Design

The operational parameters were different in the design

of thisunit when compared to the fixed flow system. The con-

stant design parameters were the production of emulsions with-

out surfactants, the production of emulsions at no more than

fuel supply line pressure and maintain a simple and easily

maintained piece of equipment. The safety requirements were

also taken into consideration in the design of this equipment.

* The second unit was designed to meet a different set 6f

*objectives. The main objectives in the design of this system

were first to produce a semiuniversal design that might be ap-

plied to different applications and second to produce variable

percentage emulsions and pump varied amounts of fuel to meet

changes in the boiler demand. The basic configuration of the

unit was unchanged. Oil passed into the system from the sup-

ply line through a flowmeter and the orifice assembly into the

pump and back into the supply line to move on to the boiler.

- ~ t '-~~ ...... . ........- -. ai, -fl
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The two major changes in the design were made with re-

spect to the water addition and emulsion flow within the unit

itself. With respect to oil/emulsion flow, the unit incorpo-

rated an internal flow loop and the flow rate of the pump was

sized just slightly larger than the maximum demand of the boil-

er. When the boiler was operated at less than maximum, the

excess output of the ENERSEC unit bypassed within the internal

loop until the demand of the boiler changed. The oil flow into

or out of the ENERSEC system was maintained at boiler demand

setting. Figure 17 illustrates these changes.

The changes in the water addition system were more so-

phisticated in order to maintain any set percentage of water

addition. To accomplish this task a flowmeter and motorized

control valve were incorporated in the water line. The con-

trol system designed to monitor the water used the frequencies

from the oil flowmeter and the water flowmeter to establish

a bias voltage. Based upon that bias voltage the motorized

valve opened or closed to increase or decrease water flow.

The controlling frequency was that of the oil flowmeter so

that the water added was always the amount required for the

set percentage. In addition the percentage of water added was

based solely upon the flow of oil into the emulsification unit.

The electronic control box designed for this unit had

three digital readout panels. Each of the panels read out a

different function. The center readout panel indicated the

li
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meter reading in gallons per minute of the oil. The righthand

panel indicated the meter reading of the water flowmeter in

gallons per minute. The third panel constantly read the per-

centage of emulsion which was being prepared. Figure 18 illus-

trates the readout and selection pace of the control box. Fig-

ure 19 illustrates the variable flow ENERSEC system as it was

ready to install in the test boiler.

3.6 Number Six ENERSEC Test Procedure

Within the laboratory environment the test procedure for

the Number Six fuel oil emulsifiers was the same. However,

each system was handled under quite different circumstances

in actual on-line field trials. As the system was assembled,

the laboratory test procedure was initiated. The first step

in this procedure was the pressure test of the entire system.

The assembled unit was installed in conjunction with the lab-

oratory supply loop and operated at the designed operating

pressure for a period of at least five hours. This operation

was performed without any addition of water. This procedure

was used to accomplish several quality assurance checks. The

system was monitored to make certain- it would operate at de-

signed pressure settings. The system was inspected to ensure

that all welds were secure and the system had no leaks or mal-

functions. The last check was to ensure that the various safe-

ty circuits all functioned properly.
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While the main unit was operated on straight Number Six

oil for assurance, the water system was operated independently.

The oil flow control was used to supply the frequency informa-

tion but the water was dumped to waste rather than added to

the oil. In this manner the amount of waste emulsion was kept

to a minimum. As the oil flow was varied, the water valve was

monitored to ensure proper opening and closing. The water flow

was measured to make certain the calibration settings on the

unit were correct and accurate.

Once the checks, inspections and calibrations had been

completed, the water was attached and emulsions produced. The

emulsifier was run long enough to ensure that all systems func-

tioned as a unit. During this final laboratory operation sam-

ples of the emulsion were taken in order to perform the micro-

scopic analysis. This analysis determined the droplet size of

the water in the emulsion at the time it was produced and the

degree to which the water-in-Number Six fuel oil emulsion was

stable.

With the laboratory test of the ENERSEC unit complete,

each was installed in its respective on-line test bed and eval-

uated. However, each of these evaluation procedures was unique

as a result of the differences in application as well as the

systems. For this reason the discussion of each on-line trial

must be discussed independently.
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3.6.1 Fixed Flow Design Operational Evaluation

The fixed flow unit was installed in a commerical steam-

ship boiler room. The unit was installed into the feed line

between the fuel heater and the boilers. The unit was install-

ed in a way that it provided emulsion to both the port and

starboard boilers. Each boiler was rated at 100,000 pounds of

steam per hour. However, the owners were only interested in

two factors. First, they wanted to see if acceptable emulsi-

fication was obtained without the requirements for surfactants

and a high pressure system in the boiler room. Second, they

were interested in the cleaning aspects of emulsified fuel burn-

ing. Operation was to provide clean, high efficiency boiler

performance over the complete cruise duration.

For the above reasons, the fixed flow system was designed

to be engaged when the vessel reached cruise condition and op-

erated only in that condition. The boilers were monitored dur-

ing operation by keeping records of the superheater output

temperature. Decreases in superheater output indicated initi-

ation of a scaling condition in the boiler. If the superheater

temperature remained at or near the rated value the emulsion

was having the desired effect of removing or preventing any

boiler scale.

3.6.2 Variable Flow Design Operational Evaluation

The variable flow unit was installed in a totally differ-

ent situation. The unit was designed to provide continuous
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emulsified fuel to a single boiler in an industrial installa-

tiun. The particular boiler was one which was used for idea

studies and to provide additional steam in a process applica-

tion. The studies conducted with this boiler were evaluations

of process modifications to be incorporated later in the main

plant boiler system. The single boiler was rated at approxi-

mately 100,000 pounds of steam per hour.

In this installationan evaluation of the effects of emul-

sified fuel was conducted. Both the water percentage and boil-

er adjustments were monitored in order to obtain maximum fuel

savings as well as fireside maintenance advantage. This unit

was used throughout the complete range of boiler load condi-

tion. The percentage of water was varied through its complete

range in order to determine optimum percentage for this boiler.

In addition to the other evaluations, the effect of emul-

sified fuel on the stack gas effluent was monitored. The ob-

jective of these tests was to determine if the use of emulsi-

fied fuel would aid in meeting the local and federal Environ-

mental Protection Agency (EPA) clean air standards. The total

information of these tests would provide documentation of lab-

oratory claims with respect to ENERSEC utilization from actual

field testing. The results of these tests are contained in

the discussion of results section of this report. In addition

these tests would show the readiness of the equipment for navy

evaluation and acceptance testing.
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In the case of both the fixed and variable flow systems.

the units were installed in the test bed between the feed pump

and the burners. This installation took advantage of the boil-

er facility's existing fuel heaters and transfer pumps. In this

installation configuration the on-line emulsification equipment

was as compact and lightweight as possible. Size and weight of

the ENERSEC system were important considerations for potential

shipboard installations.
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4.0 DISCUSSION OF EXPERIMENTAL RESULTS

The design and performance data obtained from the labora-

tory and field tests was reviewed and analyzed. From the design

information review, process and assembly modifications were

initiated. These changes incorporated the best of all on-line

configurations in order to standardize a design which was suit-

able for most navy applications.

The data from the laboratory and field tests was analyzed

and summarized in order to document the performance of ENERSEC

technology. The laboratory data summarized the research and

system design with respect to Number Two fuel oil. The field

test data describes the performance of on-line ENERSEC emulsi-

fication with Number Six and Bunker C fuel oil. The following

subsections discuss each of these test results independently.

4.1 Diesel Engine Emulsifier Test Results

The discussion of diesel engine emulsifier test results

included the actual data gathered as well as the several de-

sign changes of the Number Two fuel oil emulsifier system. The

design changes were the result of the simplification of the ap-

paratus from a change in operating procedures. The data ob-

tained from the testing was gathered to verify previous test

results. This data and the design modifications which produced

a much simpler emulsification system for diesel fuel will be

discussed in detail in the following subsections.
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4.1.1 System Design Modifications

The first modification was the result of operational ne-

cessity. The laboratory system had incorporated a dewatering

system which would reduce the amount of excess or waste emul-

sion produced. The dewatering system removed the water from

oil, returned the oil to storage tanks and pumped the water

to waste. The modification eliminated this dewatering device.

There were two reasons for the elimination of this system.

The first was the fact that, in practical terms, the dewatering

equipment did not remove all of the water. This meant that for

each test operation a small percentage of water was added to the

oil storage tank. This fault in the equipment could have been

corrected if the operational sequence was adjustable. However,

the dewatering equipment is a very complex system with no sim-

ple way to override its automated functions. For that reason

it was eliminated. In addition, the fault in the equipment

prevented adequate determination of the amount of water in the

emulsion as wellas maintenance problems in the storage system.

Returning water to the storage tanks also contaminated the

primary oil supply.

The second reason the design modification was undertaken

related to the main objective of on-line utilization. The

size of the dewatering equipment required to handle the quan-

tity of emulsion produced in the laboratory would have limited

the use of this phase of emulsification technology to stationary
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engines. In addition, the dewatering system increased the com-

plexity of the overall system and the maintenance requirements

of the emulsification apparatus.

The modification of the diesel emulsifier encompassed a

slight change in the engine fuel supply system as well as the

elimination of the dewatering device. The excess fuel from

the injector head is used as a cooling mechanism and therefore

I must be maintained. The engine fuel filter system was bypass-

ed completely. Fuel filtration was incorporated prior to the

fuel entry into the emulsifier. The injector return flow was

passed through a closed loop and introduced into the area of

cavitation. This closed loop provided adequate cooling to the

injectors as well as a method of preventing demulsification

of the emulsion in the loop. Excess emulsion not accepted by

the engine was returned to the emulsifier pump inlet and re-

cycled. In this manner production was controlled by engine

demand. This design modification greatly reduced the system

size and complexity. In addition, the smaller system design

permitted the potential operation with any diesel engine, sta-

tionary or mobile.

The second design modification was based upon an evalua-

tion of emulsification procedures tested previously. Prior

to this evaluation, the production of Number Two fuel oil

emulsions had been accomplished at high pressure. Pressures

between 1500 and 2000 psi were used. These pressures were

41a
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used in order to establish stability limits. For these tests,

minimum stability was required and the operational parameters

governing production were changed. The objective was to estab-

lish minimum operating pressures which provided sufficient sta-

bility for on-line production and combustion.

As a result of these procedural changes, the production

pressures were reduced by an approximate factor of three. Sat-

isfactory emulsions were produced at pressures within the range

of 300 to 500 psi. This factor and the associated design modi-

fications reduced the size and energy requirements of the emul-

sification equipment. In addition this reduction of the opera-

ting pressure permitted the use of less sophisticated and less

expensive equipment than that normally associatedwith high pres-

sure hydrodynamic systems.

These operationally initiated design modifications were

incorporated in the laboratory test apparatus. The redesigned

system was used to verify the data obtained from previous die-

sel engine performance evaluations. This data is reported in

the following subsection.

4.1.2 Diesel Emulsions Performance Test Results

In order to verify the previous laboratory experimental

results under the new design conditions, one previously tested

emulsion was selected for engine performance evaluation. Prior

to the operation on emulsified fuel, the engine was monitored

CI
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while using standard Number Two diesel fuel. These tests es-

tablished the engine base line performance data which was then

compared to the emulsified fuel test information. The engine

was operated under the same RPM and load conditions to be test-

ed with the emulsion.

The first test sequence was conducted with the engine op-

erating at a mid-range RPM of 1200. A no-load, 25 pound load,

35 pound load and approximate maximum load conditions were eval-

uated. Several individual runs were made at each test condi-

tion in order to ensure the accuracy and define the spread of

the data generated. At each test condition at least two ex-

4 haust gas samples were analyzed. This same test procedure was

repeated at an RPM of 1800 which was the maximum rated con-

tinuous duty RPM for the engine.

These procedures were then repeated with the emulsifica-

tion system operational. An emulsion of ten percent water in

diesel fuel was selected and evaluated. The only difference in

the two test sequences was the additional data gathered for the

emulsions tests. That data was necessary in order to define

,the cavitation conditions of emulsion production. The data was

analyzed and plotted for each RPM. For direct comparison with

andwithout emulsified fuel, composite plots were preparedwhich

superimposed and summarized the data obtained.

Figure 20 illustrates the fuel consumption data for the

diesel engine operating at 1200 RPM. The data is expressed in

.

7.;.
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terms of brake specific fuel consumption (BSFC) in pounds of

fuel per brake horsepower-hour as a function of engine load

expressed in brake horsepower. The brackets on the data indi-

cate the confidence limits of each data point. The limits were

established by statistical analysis of the individual data

points for each load condition..

Two sets of data appear in this figure. The first repre-

sented by the circles was the fuel consumption of the engine

burning Number Two diesel fuel. The second set of data repre-

sented by the squares was that obtained with emulsified fuel.

The numbers which appear between these points indicate the per-

centage change in BSFC. A positive sign indicated an increase

in consumption and a negative sign indicated a decrease.

The 1200 RPM performance test data indicated that the de-

sign modifications improved fuel consumption in the engine by

a factor of approximately three over previous performance test

data. Earlier tests had shown reductions ranging from three

to six percent. With the system modifications and operational

changes, the fuel consumption reductions ranged from eleven to

fifteen percent at the 1200 RPM test condition.

A similar trend in the data was obtained with the engine

operating at 1800 RPM. Although the engine was rated for 2,000

RPM maximum, the continuous duty maximum was 1800 RPM. At that

RPM an engine load of 19.0 horsepower was maximum load. Tests

were conducted from "no load" to this maximum load condition.

a" A .
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Figure 21 illustrates the summary data for the fuel consump-

tion tests at 1800 RPM. Again, fuel consumption is plotted as

a function of engine load. The trend toward greater reductions

in fuel consumption was obtained. However, the reductions ob-

tained with the engine running at 1800 RPM were not as consist-

ent as the 1200 RPM data. In addition the maximum percent re-

duction was not as high. For the 1800 RPM conditions, reduc-

tions ranged from 4.0 to 11 percent. The precise reason for

the lower reductions in fuel consumption have not been deter-

mined. However, the effect of test cell temperature was con-

sidered as the primary contributing factor. The air cooled

engine develops considerable heat at the high RPM and high

load conditions.

The engine was equipped from the factory with a thermal

cut-off safety switch. This device was installed to protect

the engine from overheating. As the 1800 RPM tests were ini-

tiated, a procedure change was required. It became necessary

to reduce the test run duration from fifteen minutes to ten

minutes. This reduction in test time was required in order

to prevent engine thermal cut-off during the test sequence.

This change was made. However, the reduction in run time re-

duced the accuracy of the measurements made with respect to

time. These factors contributed to the instabilityof the 1800

RPM data. Further testing is anticipated after modification

of the Cell Air Exchange Apparatus.
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At the conclusion of the test sequences, the injectors

were removed from the engine and inspected. The injectors

were coated with a minor carbon deposit. The operating man-

ual stated that this was normal for the number of runhours on

the engine. The injectors were cleaned and the deposits re-

moved. Inspection of the injectors showed no signs of wear

of any kind. Other than the carbon deposit, the injectors

werein original condition. This inspection tended to confirm

that the emulsion was remaining stable through combustion

and therefore no water damage to the injectors had occurred.

The exhaust gas emissions data was summarized for each

test sequence. The data showed that for both CO and 029 emis-

sions were decreased at the high load condition. However,

the effect upon CO2 emissions were negligible over the range

of load at each RPM. The analysis equipment gathered emis-

sions in terms of percentage of the total sample. The data

was plotted for each RPM as a function of engine load. The

1200RPM exhaust gas data summary is illustrated in Figure 22.

The 1800 RPM information showed similar general trends. More

than anything this data pointed out the need for more sophis-

ticated exhaust gas sampling apparatus.

4.2 Fixed Flow Design Operational Test Results

The fixed flow system was installed and tested in a ma-

rine operation in order to determine the maintenance effects

of emulsified fuels. In addition, tests were conducted to
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determine the degree of stability of the water-in-Number Six

oil emulsions. These tests were conducted by DAI and again by

the shipowner.

The demulsificationof the water-fuel oil emulsion is crit-

ical to the location of the ENERSEC system. The unit must pro-

vide fully emulsified fuel to the burner in order to make maxi-

mum use of the microexplosion phenomenon which occurs. Figure

23 illustrates the results of one of the demulsification tests

conducted. At a magnification factor of 400 two photomicro-

graphs of water-in-Number Six fuel oil are shown. Sample I is

a photograph of the emulsion taken within minutes of its pro-

duction. This sample indicated droplet sizes ranging from 1

to 25 microns and the average droplet size of approximately

5 microns.

The second sample is of the same emulsion after a four

month settling time. There was no apparent change in the drop-

let sizeover that time period. The largest droplets were still

approximately 15 microns and the average size remains approxi-

mately 5 microns. These photomicrographs illustrate the sta-

bility of the water-in-Number Six fueloil to bemore than ade-

quate for on-line application. The ENERSEC system can be in-

stalledat any distance from the boiler and still deliver stable

emulsion to the burner.

Similar evaluations by the facility personnel over a three

month period reported similar findings. In their evaluation,

,... ... ....... ... ... .... ... A............. .. .........
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two samples were analyzed; one from the top and one from the

bottom of the oil storage container. The summary of those find-

ings were:

1) There are more water droplets present at the bottom

of the oil than at the top.

2) Between 85 and 90 percent of the water droplets, both

at the top and at the bottom of the oil were less than

five micron in size.

3) There are no more of the larger droplets in the bot-

tom than in the top of the sample.

4) More of the larger droplets of water were observed in

the sample than at the time of examination three months

previously. This indicates some coalescence of the wa-

ter over the three month period.

5) In general, the total number of water droplets was less

at this time than at the time of the previous exami-

nation. This is further indication of coalescence.

The statements made in this analysis however indicated that af-

ter three months the emulsion stability is still well within

the combustion condition required for an on-line system. The

actual time for on-line delivery approaches at maximum twenty

minutes. The emulsion created by the on-line cavitating emul-

sification system was stable for far longer than necessary for

use with average boiler feed systems.

is
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The second and primary areas of analysis accomplished with

the fixed flow unit was the determination of the maintenance

benefits obtained from combustion of emulsified fuel. Without

the ability to open and inspect the boiler the method used to

determine scaled condition was to monitor the change in super-

heater output temperature. As scale developed in the boiler a

drop in superheater temperature was recorded. The drop resulted

from additional heat absorbed by the scale rather than trans-

ferred to the superheater. Figure 24 is an extract from the

operations log which indicate an approximate 1000 reduction of

the superheater output as scale developed on the fireside of

the boiler. The rated superheater output temperature for these

boilers was approximately 950 0F. This 1000 temperature drop

indicated inefficient boiler operation.

The installation of emulsification equipment was completed

and data recorded in two ways to document the improved mainte-

nance characteristics of emulsified fuel combustion. The first

method used to verify the difference was the records of super-

heater output temperature after the initiation of emulsified

fuel combustion. This was accomplished by usage of the opera-

tive log. Figure 25 is an extract from that log indicating

that on emulsified fuel the superheater temperature remained

at or near rated value. This maintenance of rated superheater

output temperature indicated no loss due to scale formation

while operating on emulsified fuel.

2>. -~ ..
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The second method used to verify this self-cleaning char-

acteristic of emulsion combustion was photographic. Prior to

the initiation of emulsifier operation the boiler was opened

and its fireside photographed. The vessel then left port on

a 45 day voyage. Upon return to port the boiler was again

opened and another series of photographs of the same section

of the fireside were taken. One example of these before and

after photographs are shown in Figure 26. These photographs

illustrated the fact that emulsified fuel prevented additional

scale formation. In addition, this data illustrated that op-

eration with emulsified fuel also causes the scale in the boil-

er to leach off the tube walls. This removal of existing scale

could be accomplished in as little time as 45 days. This same

time period was all that was required to cause a 1000 tempera-

ture loss while operating on Number Six fuel oil.

Because this system was designed and utilized only at times

when the vessel was at cruise condition, the total maintenance

benefit was not realized. In addition it was not possible to

evaluate fuel consumption on this unit because a cruise condi-

tion and maneuvering are different fuel consumption considera-

tions. To adequately identify the fuel consumption potential

the variable flow design configuration was conceived in order

to keep the emulsification system on-line 100 percent of the

boiler operation time.
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4.3 Variable Flow Design Operational Test Results

This design configuration was assembled and tested in

order to evaluate design modifications which would permit

the emulsifier tobe operational 100 percent of the time the

boiler was operational. The testing was performed with the

system installedin the supply line for a 100,000 lb/hr. in-

dustrial package boiler.

This boiler was an "A" type boiler generating steam at

400 psi amd 700'F at full load conditions. To ensure that

the evaluation was based upon fuel variations only, theboil-

er was rebuilt and retubed prior to installationof the vari-

able flow emulsification unit. In order to compare the per-

formance of the boiler with and without emulsified fuel, the

previous three years' performance records were used as base

line data. This data was compared to the results obtained

from emulsified fuel tests. These tests were conducted dur-

ing boiler operation over an approximate six month period.

The summary statements of the findings of this comparative

analysis are listed below:

1. The evaporation rate expressed in pounds of

steam per gallon of oil burned has increased

approximately 4 lbs/gal. This represented an

efficiency increase of three percent. Another

way of expressing this data was in terms of

fuel consumption. For the same steam output

~|
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as obtained with standard fuel, a three percent

reduction with emulsified fuel was obtained. This

data is illustrated in Figure 27.

2. The improvement in evaporation rate appeared to

remain constant from 30 percent boiler load to

the full load condition. This consistency meant

that for most boiler operating conditions three

percent fuel consumption reduction was realized.

3. Soot blowing frequency of operation was reduced

from once per eight hour shift to once every 24

hours. This reduction represented an approximate

savingsof 27,000 pounds of steam per day. In terms

of fuel savings, pounds of steam was converted to

BTU's and BTU's converted to equivalent quantity

of fuel. This operational change represented an

additional fuel consumption reduction of 4.5 bar-

rels of fuel per day.

4. Atomizing steam to the oil burners was reduced us-

ing emulsified fuel. With standard oil atomizing

steam differential pressure was 20 psi. Using

emulsified fuel, this differential pressure was

reduced to 10 psi. This change represented an ad-

ditional 3,000 pounds of steam per day saved. Us-

ing the same conversions mentioned above, this was

equal to 0.5 barrel a day additional fuel savings.

,.. . .
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5. The total improvement indicated above must be sum-

med in order to measure the fuel conservation rea-

lized from emulsified fuel. In terms of fuel sav-

ings this data indicated an approximate four per-

cent fuel savings. The boiler was rated for ap-

proximately 500 barrels a day consumption and a

total savings of approximately 20 barrels a day

was realized.

6. Furnace cleanliness and its effect on fuel savings

or boiler efficiency can only be estimated. These

factors of heating surface fouling, draft loss

changes and boiler performance must be measured

over long term and recorded.

7. Furnace fireside wall deposits were light and rel-

atively nonadherent. The bulk of the deposits were

swept away with a straw broom as illustrated in

Figure 28 and the remaining tubes appeared to stay

clean and bright.

8. Exit stack gas temperatures were reduced 35°F in

the first fifteen minutes of emulsified fuel com-

bustion. Long term evaluations will determine the

actual effect upon exit gases.
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9. Based on stack testing, observations and base load

conditions, with emulsified fuel, particulate emis-

sions were reduced approximately 50 percent. This

factor may have significance when boiler operations

are required to meet federal and local clean air

standards.

This data illustrated that the on-line emulsification technol-

ogy was capable of producing, at minimum, a three percent re-

duction in boiler fuel consumption.

4.4 Finalized System Design Results

From a design standpoint the previously discussed test

sequences did point out certain operational changes which would

provide a more functional system. Based upon the performance

data and comments from the boiler operators, design efforts

were initiated to incorporate the best characteristics of the

two prototype systems evaluated. In addition the operational

considerations of size, weight, reliability and ease of main-

tenance were considered as the system designs were finalized.

These parameters were considered based upon the realization

of limited space in shipboard boiler rooms. The design changes

would permit the system to operate with boilers with fuel flow

rates from 10 to 100 gpm with minor modification.

The two major changes in the system were in the water sup-

ply system and in the general piping configuration. The water

V. -~ *~ .'~ 2, ~ J
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system modification was made in order to use the simplicity of

the fixed flow system and the versatility of the variable sys-

tem. In addition, certain modifications in the variable flow

design water controls were required to correct unanticipated

problems encountered with the variable flow system in field

tests.

Under field conditions two situations were encountered.

The first situation was with respect to the feed water to the

monitoring equipment. If the upstream water was interrupted,

the monitoring system demanded more water and opened the con-

trol valve. When the water was reestablished an excessive

amount of water was added to the oil before the valve closed

to the proper setting. This situation created flame-out in

theburner which was hazardous and therefore must be corrected.

The fixed flow system was either "On" or "Off" and this con-

cept was incorporated in the design modification.

The second situation was a result of the optical water

flowmeter in the water line. This meter was affected by the

quality of the water in the system. Dirty water blocked out

the turbine so the monitoring system misread the amount of wa-

ter being added. This situation was corrected on site through

the useof extensive filtrationof the incoming water. The de-

sign modification was required in order to eliminate the main-

tenance problems of the filter and correct the difficulty as-

sociated with optical flow systems.
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The design modification incorporated in the final con-

figuration eliminated the need for a water meter. A monitor-

ing system was designed which operates on the frequency of

the oil flowmeter only. This frequency determined the amount

of water required and opened or closed the monitoring device

accordingly. When the boiler is operated at very low flow

rate no water is added. In this manner it is impossible to

add an excessive amount of water to the fuel oil. These mod-

ifications were tested under laboratory condition and function

very well in those tests.

The piping configuration was rearranged in this design

effort in order to compact the system. To accomplish this size

reduction, the piping was arranged in a more compact fashion.

In addition, the water monitoring and control equipment was

eliminated as a separate package and installed as an integral

part of the unit control boxes. The unit was redesigned to

occupy floor space of less than five feet in length and less

than two feet in width. The height of the unit above the floor

remained at less than 50 inches. Figure 29 illustrates the

first system assembled of this new design. This unit is being

evaluated in the laboratory at this time.

* . .. . ,N-. .- r!,
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5.0 CONCLUSIONS AND RECONMENDATIONS

The evaluations of the various emulsification system de-

sign concept have produced the data discussed in the previous

section of this report. A thorough analysis of the data pro-

duced the conclusions and recommendations which follow. The

functional capability, reliability and performance of the on-

line cavitating emulsifier was reviewed from both the labora-

tory and operational test conditions. The results of these

evaluations have confirmed previous performance expectations

and indicated equipment modifications which have improved and

simplified systems operation. As a result an emulsification

systemhas been designed which is ready for on-line navyeval-

uation. The following conclusions and recommendations summa-

rize the salient findings and address the actions to be under-

taken in order to transfer emulsification technology to the

navy for operational implementation.

5.1 Conclusions

The conclusions stated are based on the laboratory and

field testing as well as the design efforts. The objective

*of this program was the design of an emulsification system

which would reduce fuel consumption and exhaust emissions when

used in conjunction with navy combustion devices. With this ob-

jective in mind, a review of the data gathered in this research

and development program has produced the following conclusions:

.I
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1. Stable emulsions of water-in-fuel oil were pro-

duced in on-line equipment at existing fuel sys-

tem pressures.

2. The Number Two fuel oil emulsions were stable

for periods up to ten minutes when produced at

supply line pressures of less than 500 psi.

3. The Number Six fuel oil emulsions were stable

for several weeks at production pressures of 500

psi or less.

4. As a result of the short stability of the Number

Two fuel oil emulsions, emulsification equipment

must be located as close as possible to the com-

bustion chamber.

5. The Number Two fuel oil emulsions when used in

a diesel engine reduced engine fuel consumption

by approximately 10.5 percent. This data con-

firmed previous test results showing reductions

ranging from three to six percent and expanded

that reduction to the range from four to fifteen

percent.

6. The short stability does have no apparent effect

on the fuel consumption of the engine.

7. Diesel engine exhaust emissions of carbon monox-

ide (CO) were reduced at high load when using

emulsified fuel.

. . . .. . . .. .
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8. Emissions of Carbon Dioxide (CO2) were relatively un-

changed when emulsified fuel was combusted.

9. More sophisticated exhaust gas analysis apparatus is

required in order to totally characterize exhaust emis-

sions.

10. For on-line emulsification to be diesel engine imple-

mented, minor modifications of the engine fuel supply

are required. The engine fuel filter system must be

eliminated and the filtration must occur prior to the

emulsification.

11. In each emulsification condition evaluated, the para-

sitic energy to produce the emulsion is less than 0.05

percent of the output energy of the combustion system.

This means the effect of the energy required to produce

the emulsion is negligible.

12. The use of Number Six fuel oil emulsion reduces boil-

er fuel consumption, at a minimum, three percent. The

range of improved fuel economy is dependent upon many

factors but ranges between the same three to six per-

cent seen with early diesel fuel experiments.

13. The use of Number Six emulsions has the added benefit

of reducing the maintenance requirements of the boiler

fireside. This occurs through the controlof the amount

of scale which forms as a result of combustion of high

mineral content oils.
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14. The use of emulsified boiler fuel permits a

reduction in the atomizing steam which is an

additional savings in the overall operation.

15. The particulate in the stack gas effluent is

reduced as much as fifty percent when emul-

sified fuel is burned.

16. The smoke emissions for the stack are direct-

ly proportional to the boiler excess air set-

ting. When emulsified fuel is burned, the ex-

cess air setting for the boiler must be re-

duced. From observation if this adjustment

is made, the smoke is completely eliminated

when emulsions are burned.

17. Boiler performance is maintained at or near

rated values for extended periods when emul-

sions are burned. This was indicated by the

ability to maintain rated superheated output

temperatures for prolonged periods (approxi-

mately forty-five days).

18. Design modifications have provided a system

which will emulsify fuel for any boiler with

fuel flows ranging from 10 to 100 gallons per

minute.

4
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19. On-line cavitation emulsification (ENERSEC) sys-

tems can be installed with minimal downtimeof the

primary combustion system.

20. On-line ENERSEC system design permits the produc-

tion of emulsions as they are needed and without

the requirement of costly surfactants.

21. The on-line ENERSEC technology has permitted the

design of acompact, lightweight, low maintenance,

low energy system for the emulsification of oil and

water which is ready for implementation in navy

boiler system.

5.2 Recommendations

The laboratory test results, the field activities, the

design efforts and the analysis of all of the factors have

produced the recommendations which follow. Some of these

recommendations are related to specific systems while oth-

ers are of a general nature with respect to emulsification

technology.

1. It is recommended that an ENERSEC system which in-

corporates the final design modifications be in-

stalled on a navy test bed boiler in order to dem-

onstrate to cognizant navy personnel the readiness

of this technology for boiler system operations.

.... .- ,-. ..I ..
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2. It is recommended that additional developmental

work be initiated with respect to diesel engine

applications. Although the basic concept has

been operational in the laboratory, additional

system parameters must be identified in order

to design a system to operate with the wide

range of different diesel engines in naval ser-

vice.

3. It is recommended that more sophisticated ex-

haust gas analysis be incorporated in the lab-

oratory in order to evaluate the unburned hy-

drocarbons and oxides of nitrogen. These emis-

sions, as well as particulates, are of primary

interest in diesel engine emission controls.

4. It is recommended that additional research be

conducted at a boiler facility in order to eval-

uate the effects of emulsified fuels on systems

effluents. Of specific interest are the effects

of emulsions technology upon the emitted oxides

of sulphur.

5. It is recommended that design efforts be under-

taken to establish the precise relationship be-

tween the percentage of water in the emulsion

and the excess air setting of the boiler. These
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efforts should concentrate upon the design of

an excess air-percent water interlock and con-

trol system.

6. It is recommended that research be conducted

which will establish whether steam atomization

is required with emulsified fuel. The micro-

explosion mechanism associated with emulsifi-

cation may be sufficient to permit the elimi-

nation of atomizing steam which would further

increase the fuel savings which results from

emulsified fuel combustion.

7. It is recommended that the design efforts with

respect to diesel fuel emulsification concen-

trate on the operational problems associated

with the relatively short stability of those

emulsions. The systems must incorporate a con-

trol circuit which eliminates the emulsion

from the engine fuel system prior to long dur-

ation downtimes in order to prevent wear and

corrosion.

8. It is recommended that boiler burner nozzle

design be analyzed with respect to emulsified

fuel. More efficient combustion of emulsions

may be possible if the burner nozzle is designed

to function with the emulsion.

-, , - .• , - - - . . . -• ., :,
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9. It is recommended that emulsification combustion

flame patterns be evaluated as a solution to the

problem of flame/tube impingement. The erosion

and replacement of boiler tubes damaged by flame

impingement may be corrected by emulsified fuel

combustion.

10. It is recommended that cavitation orifice design

technology be investigated in order to maximize

the stability of Number Two fuel oil emulsions

without changing the other system related para-

meters. The intensity of cavitation increases

tend to increase the stability of the emulsion.

For this reason, changes in orifice design which

increase intensity will increase emulsion stabil-

ity.

11. It is recommended that research be initiated to

evaluate the combustion effects and ecomonic fac-

tors associated with the use of emulsification

technology as a means of oil replacement. A com-

bination of water and other combustible material

such as alcohol may provide additional fuel sav-

ings and thereby reduce the dependence on foreign

oil.

4L
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6.0 CONTINUING AND PROJECTED DEVELOPMENTS

As this research effort has drawn to a conclusion certain

of the immediate potentials of emulsification have been con-

tinued in-house. In addition other efforts of emulsion research

are projected as the commercial market for ENERSEC systems in-

creases. This section of this report addresses the continuing

and projected design efforts and developments.

The research work which has been continued has addressed

the stability of other oil grade emulsions. Specifically, Num-

ber Four fuel oil has been emulsified. Just as Number Four oil

is a grade midway between Two and Six, the stability of its

emulsions falls midway between those of Two and Six. The work-

ing objectives for Number Four oil were the same as previous

tests, that is, the production of emulsion at line feed pres-

sure. At these production pressures several emulsions were

prepared and photomicrographs taken. The emulsions of Number

Four oil remained stable for up to two hours before any sign of

coalescence was noticed. Figure 30, Sample A, shows the emul-

sion immediately after production and Sample B is the same

emulsion after two hours.

The stability research in Number Four oil led to design

efforts to miniaturize the boiler emulsifier designed under

this program. The new design was to handle fuel flow of ap-

proximately five gallons per minute. Figure 31 illustrates the

prototype system assembled as a result of this design effort.

4i
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This system is undergoing evaluation at this time. The one

piece of information obtained from this evaluation was the

physical difference of emulsion combustion. Figure 32 is a

photograph of Number Four fuel oil in combustion. This can

be compared with the emulsion of Number Four fuel oil in com-

bustion. This comparison illustrates that a hotter and more

brilliant fire results. Figure 33 is a photograph of the

emulsion in combustion. The same combustion system was used

in each test.

Projected design efforts are to designa universal system

for small boilers which have fuel flow from one to ten gallons

per minute. In addition, it is anticipated that further mini-

aturization will be designed in order to provide a system which

is capable of functioning with residential size furnace sys-

tems.

The other area of continued development is related to the

laboratory research capability. A small combustion system

(boiler) has been installed for use in laboratory evaluations.

This system is currently capable of burning Number Two fuel

and Number Two emulsions.

Projected developments include the design modification

of this laboratory capability in order to burn emulsions of

all oil grades. To accomplish this goal it will be necessary

to design a nozzle and ignition system to function within this

laboratory system. It is anticipated that within three months

- -
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that furnace will burn emulsions of Number Four fuel oil. It

will take an additional nine months to combust Number Six fuel

emulsions as a result of the requirements to heat Number Six

oil.

At the same time projected activities in the diesel en-

gine emulsification system will concentrate on simplification

of the system and improvement of the peripheral equipment re-

liability. The diesel engine test bed facility is being modi-

fied to incorporate some of the system simplification which

have come to the forefront as this research program was con-

cluded. Test procedures and equipment are being modified to

increase reliability and the accuracy with which this equip-

ment functions. Additional diesel engine tests are antici-

pated in order to evaluate the facility modifications.
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FIGURE 1 PHOTOGRAPH OF THE DAI EMULSIFICATION FACILITY APPARATUS USED IN THE
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FIGURE 7 PERFORMANCE DATA OF A TWO CYLINDER 12 HP DIESEL ENGINE SHOWING
IMPROVEMENTS IN FUEL ECONOMY THROUGH A REDUCTION IN BRAKE

* SPECIFIC FUEL CONSUMPTION WHEN UTILIZING THE DAI ON-LINE
EMULSIFICATION DEVICE
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LEAK OFF CONNECTIONS

FUEL TANK

FUEL FILTER

NOZZLES

FUEL PUMP

--- __ FEED PUMP

(TRANSFER PUMP)

FIGURE 11 THE SCHEMATIC DIAGRAM OF THE FUEL FLOW
SYSTEM FOR THE LABORATORY DIESEL ENGINE
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FIGURE 20 SUMMARY GRAPH ILLUSTRATING FUEL CONSUMPTION
REDUCTIONS OBTAINED WITH EMULSIFIED FUEL AT AN
ENGINE SPEED OF 1200 RPM
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